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Abstract 
Superconductor ac and dc cables, fault current limiters and wind turbine generators offer solutions to 
key challenges in modernizing electric power infrastructure around the world.   High critical current Jc is 
an essential requirement for the practical commercial operation of such systems.  High temperature 
superconductor (HTS) wires have met the basic Jc requirements, and some initial systems have been 
successfully installed in the power grid.  From an applications perspective, further progress in increasing 
the superconductor critical temperature Tc and critical current Jc could open up an even broader impact.  
However, thermal fluctuations and the resulting flux creep depress critical current, creating a trade-off 
between higher temperature and higher critical current.  The origins of this trade-off are discussed.  The 
YBCO material used in today’s second generation HTS wires strikes a good compromise between these 
competing effects, and because of the flux creep problem, applications needs call for further research to 
be focused more on increasing Jc than on increasing Tc .    
 
 
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Horst Rogalla and 
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1. Introduction 
The search for new superconductor materials with ever higher transition temperatures is one of the 
grand challenges of materials science.  This search is also driven by the promise of applications requiring 
even less refrigeration than do the presently used cuprate superconductors.  The holy grail would be a 
practical room temperature superconductor requiring no refrigeration at all.  Nowhere would the impact 
of such a material be greater than in the electric power field:  Already, existing high temperature 
superconductors (HTS) are beginning to impact the grid, for example in power transmission and 
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distribution cables.[1] A practical room temperature superconductor would open up a yet broader 
revolution, bringing lossless superconductor technology into the workplace and even the home. 
But how realistic is the vision of such a practical room temperature superconductor?  High 
superconductor critical current density Jc is a necessity for all electric power applications,[2] and it is 
sustained by the pinning of flux lines (or, equivalently, vortices) in pinning wells.[3]  Already in an early 
paper, Tinkham[4] pointed out that flux creep, that is, the thermal activation of the vortices out of their 
pinning wells, will reduce Jc at high fields and temperatures, making the prospect of room temperature 
high field superconductor magnets highly unlikely.  An even more general argument has been given by 
the present author in a recent article:[2] Flux creep reduces Jc not just in the high field of magnets but in 
all superconductor power devices. 
The present article elaborates on these important limitations, highlighting the challenging tradeoff 
between achieving higher Tc or higher Jc.  From an applications perspective, these considerations imply 
that research to further improve Jc in existing materials is likely to have more practical impact than efforts 
to discover new materials with significantly higher Tc . 
2. Phenomenology of flux creep 
 
A general phenomenological formula, the so-called “interpolation formula”, describes the impact of 
flux creep on Jc :[5-8]  
 
 Jc = Jc0/[1 + (μkT/U)ln(t/teff)]1/μ .       (1)   
 
Here Jc0 is the unrelaxed critical current density, μ is a “glassy” exponent of order 1 arising from vortex 
glass theory, k is Boltzmann’s constant, T is temperature, U
 
is the pinning energy of vortices which 
opposes flux creep, and teff  is an effective attempt time for a vortex or flux line to jump out of the pinning 
well.  In the low temperature or short-time limit, Eq. 1 reduces to the classic Anderson-Kim flux creep 
formula[9]  
 
Jc = Jc0[1 - (kT/U)ln(t/teff)] ,       
  (2)   
in which Jc decays logarithmically in time.  Such a logarithmic dependence is widely observed.[8]  To 
first order in this regime, the normalized relaxation rate S = -dlnJc/dlnt = kT/U0  increases proportionally 
to temperature. 
 
In the high temperature or long-time limit, Eq. (1) reduces to 
 
Jc/Jco=[U0/μ kT ln(t/teff)]1/μ.        (3) 
 
This is the “vortex glass” or collective pinning regime, where the relaxation rate S = -dlnJc/dlnt = 
1/μln(t/teff) is temperature- and pinning energy-independent.  This explains the plateau around S = 0.03 in 
the temperature dependence of S(T) often seen in different forms of YBCO in the range from 20 to 50 
K.[10]  Given typical measurement times t  ~ 1000 sec and teff  ~  10-10 sec, this value of S implies μ ~ 1.  
For comparison, Natterman’s collective pinning theory for point pins in a long-time limit predicts μ ~ 
0.5,[5] indicating that comparison of theory with experiment is still only qualitative at this point. 
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Above 50 K, the magnitude of S increases further, to values of 0.1 or higher,[11] implying μ ~ 0.3 or 
even lower.  Since many different regimes of collective pinning have been predicted as a function of 
temperature and in the short or long-time limits, with different values of μ ranging from 1/7 to 3/2,[5-7] 
the lower μ values at high temperatures might be interpreted as a transition to a different regime, though 
again no quantitative agreement has yet been achieved.   
 
Let us now consider how Eq. (1) scales with Tc of a hypothetical very high temperature 
superconductor.  We assume that the chosen operating temperature Top of a given application will scale 
with Tc.  Since Jco scales to 0 at Tc, it is always necessary for a superconductor to operate somewhat below 
Tc to achieve an adequate Jc .  For example, power cables with second generation wires using YBCO-123 
with Tc ~ 90 K operate in the 77 K temperature range, so that Top/Tc ~ 0.86.  With the same ratio, a 
hypothetical superconductor operating at room temperature (300 K) would require Tc ~ 351 K.   
 
The Tc-scaling of the vortex pinning energy U   depends on the type of pinning center.  For example, 
point pins, that is, non-superconducting defects of dimension smaller than the superconductor coherence 
length ξ, will have a pinning energy scaling as Hc2ξ3, the superconductor condensation energy in a 
volume defined by the coherence length.  Here, Hc is the thermodynamic critical field proportional to gap 
Δ and Tc, and the coherence length ξ scales inversely with Tc.[3]  Therefore, in this case U0  scales 
inversely with Tc , and Jc /Jc0 in Eq. 3 scales inversely as the square of Tc. for μ = 1  In another pinning 
model with spherical pinning centers of dimension d larger than ξ, the pinning energy scales as Hc2ξ2d; 
and so Jc /Jc0  scales inversely with Tc.  These examples reveal the basic problem of applying ever higher 
temperature superconductors in applications requiring high Jc:  As Tc increases, flux creep suppression of 
Jc  becomes increasingly severe. 
   
The full plot of Jc /Jco from Eq. 1 as a function of Tc in these two pinning models is shown in Fig. 1 
for the case of μ ~1.  The value of Jc/Jco is fixed to 0.4 at 90 K because back-extrapolations of the 
observed logarithmic decay in superconductors like YBCO-123 with Tc ~ 90 K indicate a Jc suppression 
of  0.4 or more.11  From these plots, the suppression ratio for a superconductor with Tc = 350 K is 0.04 and 
0.15 for the small or large pinning center models respectively.  And in the case μ ~ 0.3 as discussed above 
for the temperature regime near Tc , we find the plot in Eq. 1 labeled “μ ~ 0.3, point pins”  showing an 
extreme Jc suppression ratio of 0.004 for Tc = 350 K.  
 
Finally, how does Jc0 scale with Tc?  In the Larkin-Ovchinnikov collective pinning model,[3,12] 
 
Jc0 B ~ n2f4/C44C662ξ3,        (4) 
 
where n is the density of pinning centers per volume, f is the magnitude of the local pinning force, and C44 
and C66 are elastic moduli of the vortex lattice.  Here f = U/a, where U  is, as above, the vortex pinning 
energy and a is the vortex lattice spacing.   C44  is BH/4π, independent of Tc , while C66  ~ Φ0B/λ2 where 
Φ0 is the flux quantum and λ is the London penetration depth.[3]  Assuming n and λ are independent of 
Tc , we find that Jc0  ~ U4/ξ23 ~ 1/Tc  in the point pinning limit.  Thus, at least in this case, a declining Jc0  in 
Eq. (1) will further suppress Jc  as Tc increases. 
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Fig. 1.  Flux-creep relaxed superconductor critical current Jc  normalized by the unrelaxed critical current  Jc0  as a 
function of the critical temperature Tc  of a hypothetical superconductor.  The plot shows three cases, for different 
glassy exponents μ and the different types of pinning centers: either point or large pins. 
 
3. Application requirements and conclusions 
 
The Jc material requirements for applications such as power cables depend on the particular cable 
design and wire architecture.  For second generation coated conductor wires such as American 
Superconductor’s AmperiumTM wire,[13] the superconductor layer must be thin, typically around 1 μm, 
both to minimize manufacturing cost and to assure mechanical integrity under bend and tensile strains.  
To fabricate the power cable, the tape-shaped HTS wires are wound helically around a flexible former 
with a typical 25 mm diameter, and two counter-wound layers of tapes, packed side by side with a pitch 
angle in the range of 30o, provide the best configuration to minimize ac losses.  Taking a margin of a 
factor of two between the total critical current and the average ac current, one can calculate a 
superconductor Jc requirement of ~3 MA/cm2 for a cable rated 2000 Arms.  This requirement is met by 
present commercial 2G HTS wires like American Superconductor’s Amperium wire, enabling a first 
generation of commercial ac cable installations.[13] However, even higher amperage cables are also of 
interest, particularly at distribution voltage levels for substation interconnections, as in the Hydra project 
in New York City.[14]  For such applications, further improvement in Jc would be highly desirable.   
 
 The flux creep issue discussed above makes it exceedingly difficult to meet such Jc application 
requirements with a hypothetical room temperature superconductor.  From an applications perspective, 
therefore, the most promising avenue of research to further enhance applicability of HTS systems in the 
electric power grid may not be searching for higher Tc superconductors, even though finding such a 
superconductor remains of course a great fundamental challenge for academic research.  Rather, the focus 
for practical applications should be on enhancing Jc of existing HTS materials such as YBa2Cu3O7 with 
Tc’s in the 100 K range.  One step in this direction, for example, would be to study flux creep in sets of 
materials spanning different intrinsic mass anisotropies, so as to better understand how anisotropy 
impacts flux creep.   Because weak coupling between adjacent CuO2 planes in the highly anisotropic 
cuprates reduces vortex stiffness and is thereby expected to promote flux creep,[3] finding ways to 
decrease anisotropy while maintaining Tc could enable higher Jc.  YBa2Cu3O7 is the most successful HTS 
material so far for applications, in great part because it is the least anisotropic of the cuprate 
superconductors.  This is because of its CuO chain layer which provides a strong electronic coupling 
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between adjacent CuO2 planes.  Finding ways to enhance this coupling while maintaining Tc would be 
very impactful. 
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